Introduction
============

Bones are dynamic organs capable of adjusting their architecture and mass to withstand the physical forces they experience. Mechanotransduction, which is the process by which cells convert physical stimuli into biochemical responses, underlies this capability of bones. Mechanotransduction of stem cells has been studied through both inferential *in vivo* studies, and *in vitro* studies involving application of a controlled mechanical stimulation to cells.

There are many examples that demonstrate that bones adapt to their mechanical environment. One example of bones adapting to greater mechanical needs is that professional tennis players develop longer and denser bones in their dominant arms \[[@B1]\]. However, when mechanical demands are decreased, bone is lost, as seen during space travel, bed rest, or spinal cord injury. The adaptation response to mechanical load occurs not only in the mature skeleton, but begins very early during embryonic development \[[@B2]-[@B5]\]. The skeleton continues to adapt to its mechanical environment throughout life, although adaptation rates decrease with age \[[@B6]\].

The onset of involuntary muscle contractions in the embryo is correlated with the beginning of ossification, or creation of bone from rudiments. Mechanical stimulation is not required for initial bone formation, but formation is enhanced by the mechanical loads placed on bones by muscular contractions \[[@B2]-[@B5]\]. In early development, a majority of bone cells are directly derived from stem cells. Therefore, it is inferred that physical stimulation may promote osteogenic differentiation *in vivo*, and stem cells may be directly responsible for sensing and responding to physical stimulation.

In the adult, bone adaptation occurs throughout life. Bone apposition rates are elevated in response to increases in mechanical demands, and mechanical loading is thought to promote proliferation of stem cells, which then differentiate into bone-forming osteoblasts. Insights into the effect of physical stimulation on stem cells have also been obtained from surgical experiments. For example, osseointegration around an implant was enhanced by physical stimulation, suggesting that strain promotes osteogenic differentiation of stem cells \[[@B7]\]. Also, during distraction osteogenesis, where a fracture is created and bone segments are gradually moved apart, stem cells were observed to populate the zone between the bone segments. In addition, bone formation was associated with areas calculated to experience low to moderate tension \[[@B8],[@B9]\].

Due to the complicated mechanical environment and responses, however, it is difficult to determine the specific mechanisms by which stem cells may sense or respond to physical stimuli through *in vivo* studies alone. Therefore, studies applying controlled physical stimuli to cells *in vitro* are useful for uncovering potential molecular mechanisms for sensing mechanical stimulation and possible mechanotransduction pathways. Various studies have investigated the effect of stretch applied to stem cells either seeded within a matrix \[[@B10],[@B11]\], or on a flexible membrane \[[@B12]-[@B19]\]. Fluid flow as a means to apply shear stress to cells is also commonly used \[[@B20]-[@B25]\]. Bioreactors have also been used to produce a more complicated mechanical environment and to supply biochemical factors in a controlled manner over extended periods of time \[[@B11],[@B24],[@B26]\].

Furthermore, mechanically induced bone formation occurs as a concerted response involving multiple cell types. The majority of cells in cortical bone are osteocytes, which are mature bone cells embedded within the calcified matrix. Other bone cells include osteoblasts, which are immature bone cells, bone lining cells, osteoclasts, and stem cells. Finally, endothelial and smooth muscle cells in the vasculature may also contribute to the response to loading \[[@B27]\]. Although most cells are able to sense their mechanical environment, osteocytes are thought to be the primary mechanosensing cell types in bone and are connected through processes extending through the lacuno-canalicular network. Through this network, osteocytes are capable of communicating to osteoblasts, bone lining cells, stem cells and osteoclasts through paracrine signaling to induce bone formation or resorption. However, recent *in vitro* studies have demonstrated that direct mechanical stimulation of stem cells also promotes osteogenic differentiation. While the focus of this review is restricted to stem cells, various recent reviews cover skeletal mechanobiology and the pathways involved \[[@B28]\], emphasizing the roles of osteocytes and cell-cell communication \[[@B27],[@B29]-[@B31]\], osteoblasts \[[@B32]\] as well as bone lining cells \[[@B33]\].

In this review, mechanical signals, mechanosensors, and key pathways involved in mechanically induced osteogenic lineage commitment of stem cells are discussed.

Physical stimuli
================

Stem cells contributing to bone formation reside within the bone marrow and the periosteum, a thin fibrous membrane that surrounds the outer surface of all bones (Figure [1](#F1){ref-type="fig"}). Hydrostatic pressure and fluid flow-induced shear stress may be the dominant mechanical stimuli for mesenchymal stem cells (MSCs) residing within the bone marrow \[[@B34]\], whereas tension and compression are likely to be more important in the periosteum. During early development, cells within the rudiments also differentiate directly into bone cells. The effects of tension, compression, fluid shear stress, substrate material properties and cell shape on osteogenesis of stem cells are discussed here (Figure [2](#F2){ref-type="fig"}).

![**Sources for stem cells contributing to bone formation.** Mesenchymal stem cells (MSCs) reside within both the bone marrow cavity and the periosteum.](scrt318-1){#F1}

![**Cellular and pericellular mechanics.** Strain, shear stress, substrate material properties and cell shape have been observed to affect osteogenesis of stem cells.](scrt318-2){#F2}

Tension
-------

Tension has been observed to be an osteogenic stimulus for stem cells. In studies examining the effects of tension, stem cells are typically seeded on a flexible membrane or within a matrix to which strain is applied. However, differentiation is dependent on the manner in which strain is applied. Some factors that have been varied include magnitude, frequency, and application time. Results from separate studies are difficult to compare directly, but demonstrate that tension can induce osteogenic differentiation, although the magnitude of tension applied varies between studies.

A study by Haasper and colleagues \[[@B12]\] applied cyclic stretch of 2 or 8% to human MSCs for 1 hour each day for 3 consecutive days. Modest increases in gene expression of Runx2, an osteogenic transcription factor, were observed and greater increases occurred with 8% tension compared to 2%. Other groups have also confirmed that similar levels of tension induce osteogenic differentiation of MSCs. Application of tensile strains between 8 and 12% resulted in reduced proliferation, as well as increased gene expression of bone markers, including Runx2 \[[@B13],[@B35]\], alkaline phosphatase (ALP) \[[@B13],[@B35]\], collagen type 1 (Col1) \[[@B13],[@B35]\], and bone morphogenetic protein (BMP)2 \[[@B10]\].

When mouse bone marrow stromal cells (ST2 cell line) were cultured in osteogenic media, however, proliferation increased when tension levels of 5 to 15% were applied \[[@B14]\]. In the same study, ALP activity and *Runx2* gene expression also increased for strain levels 5% and below, but decreased with higher strains. In this case, higher strains were inhibitory for osteogenic differentiation. Similarly, other studies with both human and rat MSCs have also shown that low levels of tension promote osteogenic differentiation. In these studies, tensile strains from 0.2% to 5% were found to promote ALP activity \[[@B11],[@B15]-[@B17]\], gene expression of osteogenic markers \[[@B11],[@B15]-[@B19]\], and mineralized matrix deposition \[[@B11],[@B17],[@B18]\]. MSCs experiencing tension at these levels also exhibit reduced expression of adipogenic, chondrogenic, and neurogenic markers such as Col2, aggrecan, dystrophin related protein 2, and peroxisome proliferator-activated receptor γ \[[@B18]\]. However, the effect of low levels of tension on proliferation rates is unclear. In one study, proliferation rates were increased with application of 0.2% strain \[[@B15]\], while application of 2.5% strain resulted in decreased proliferation rates in another study \[[@B19]\]. Both studies used MSCs isolated from rat bone marrow.

Compression
-----------

Compression has been reported to result in both chondrogenic and osteogenic differentiation in human bone marrow-derived MSCs. Pelaez and colleagues \[[@B36]\] subjected MSCs seeded in a fibrin gel to dynamic mechanical compression with a maximum strain of 15% and observed increases in chondrogenic gene expression and deposition of sulfated glycosaminoglycans, indicating chondrogenic differentiation. Haudenschild and colleagues \[[@B37]\] also observed upregulation of genes associated with chondrogenesis in MSCs loaded with dynamic uniaxial unconfined compression. In the same study, tension was found to enhance expression of ossification-associated genes and inhibit chondrogenic gene expression. However, when Jagodzinski and colleagues \[[@B26]\] applied 10% cyclic compression with continuous perfusion to MSCs, expression of Runx2 and osteocalcin, a late stage bone marker, were increased, suggesting that the addition of perfusion to compression promoted osteogenic lineage commitment.

Fluid shear stress
------------------

Fluid flow is a commonly used method for applying fluid shear stress *in vitro*, producing a gradient of stresses along the cell body. The method of applying fluid shear stress can affect proliferation rates and differentiation. Directionality of fluid flow has been shown to be important, with cells experiencing unidirectional flow exhibiting different characteristics from cells experiencing oscillatory fluid flow. Other factors that have been examined include magnitude, frequency, and length of application.

Upon application of oscillatory fluid flow, MSCs exhibited immediate increases in intracellular calcium mobilization. Twenty-four hours after fluid flow, proliferation rates of human MSCs derived from bone marrow aspirate increased compared to static controls, and gene expression of osteopontin (OPN) and osteocalcin were also increased \[[@B20]\]. In another study, OPN gene expression also increased in mouse bone marrow-derived MSCs exposed to oscillatory fluid flow for 3 hours at 1 Hz, with a peak shear stress of 1.0 Pa. Furthermore, DNA methylation of the OPN promoter also decreased, suggesting a change in epigenetic state. Changes in methylation are durable, and may affect chromatin architecture, which influences gene accessibility. This study demonstrated that mechanical stimulation in the form of fluid shear stress can induce epigenetic changes that promote osteogenic lineage commitment \[[@B21]\]. Mechanical stimulation in the form of mechanical strain combined with micropatterning to align cells can also induce epigenetic changes in human MSCs by affecting histone acetylation, which is important for chromatin architecture \[[@B22]\].

In a longer term study, human bone marrow-derived MSCs were cultured on either glass or calcium phosphate-coated glass and exposed to uniform fluid shear stress of 0.0012 Pa for 10 days. Exposure to fluid flow resulted in reduced proliferation, promoted Col1 and mineralized matrix deposition, and increased mRNA levels of the osterix bone transcription factor. OPN and bone sialoprotein mRNA levels were dependent on the type of substrate that cells were seeded on \[[@B23]\].

The effect of fluid flow in a three-dimensional environment has also been tested using perfusion bioreactors. Rat bone marrow-derived MSCs were seeded into porous scaffolds and cultured for 15 days under pulsatile fluid flow at various frequencies. ALP activity, mRNA levels of OPN, and accumulation of OPN and prostaglandin E~2~ were all enhanced with perfusion relative to static culture conditions \[[@B24]\].

Hydrostatic pressure can also encourage osteogenic differentiation. Both static (23 kPa) or dynamic hydrostatic pressures (10 to 36 kPa, 0.25 Hz) were capable of inducing osteogenesis in rat bone marrow-derived MSCs \[[@B25]\].

Substrate material properties
-----------------------------

The material properties of the substrate that cells are seeded upon may also affect osteogenic differentiation. More rigid surfaces were found to induce osteogenic lineage commitment for TG2α E14 mouse embryonic stem cells \[[@B38]\]. Human MSCs seeded on substrates with elasticity similar to collagenous bone (25 to 40 kPa) developed an osteoblast-like morphology and upregulated *Runx2* gene expression, whereas cells seeded on softer substrates developed other morphologies and upregulated transcription factors important for other lineages. Elasticity-directed lineage specification was found to be dependent on nonmuscle myosin II, which may exert force through focal adhesions \[[@B39]\]. In studies with rat kidney epithelial cells and mouse fibroblasts \[[@B40]\] or with rat aorta-derived smooth muscle cells \[[@B41]\], the cytoskeleton and focal adhesions were found to be affected by the underlying substrate, thereby altering cell shape and the internal tension generated by the cell. MSCs may also use a similar mechanism, as the application of blebbistatin to block nonmuscle myosin II, which is thought to exert force through focal adhesions, prevents differentiation \[[@B39]\].

Cell shape
----------

The shape of a cell can also affect its differentiation potential. McBeath and colleagues \[[@B42]\] used micropatterning techniques to create islands of varying sizes to restrict the area over which human MSCs adhere. Cells seeded on larger islands were observed to differentiate towards the osteogenic lineage, whereas those on small islands were restricted to the adipogenic lineage. High levels of RhoA, a GTPase that regulates contractility, and its effector Rho kinase (ROCK) were correlated with osteogenic conditions. Constitutively active RhoA also caused osteogenesis and required actin-myosin-generated tension.

Gradients of mechanical forces can also drive differentiation. Micropatterning techniques were used to confine monolayers of human MSCs within various shapes with convex and concave edges \[[@B43]\]. Cells seeded at convex edges exhibited greater positive staining for ALP than those at concave edges, which exhibited increased staining for lipid droplets. Cell traction forces at the convex edges were also greater than those at the concave edges. Therefore, higher traction forces were correlated with osteogenesis. Furthermore, osteogenesis also required myosin-generated tension while adipogenesis did not.

Disuse
------

Finally, the absence of mechanical stimulation also affects stem cell differentiation. When sciatic neurectomies were performed on rats, producing immobilization and effectively reducing mechanical loading on bones, the number of adherent cells obtained from bone marrow isolation was reduced 50%. This suggests that a decrease in mechanical loading is associated with decreased numbers of MSCs, the primary cell type in the adherent population. Furthermore, the osteogenic potential of MSCs from unloaded bones is diminished compared with loaded bones, as indicated by decreased ALP activity and reduced nodule formation \[[@B44]\]. Similar results were seen in another study utilizing tail suspension in rats to reduce loading in the hindlimbs. Again, the total adherent marrow stromal cell population was decreased, and only half the normal number of colonies was formed. Proliferation of ALP-positive cells was also inhibited, and OPN gene expression was reduced \[[@B45]\]. Disuse due to skeletal unloading by hindlimb suspension in rats has been demonstrated to bias commitment towards the adipogenic lineage \[[@B46]\]. However, mice treated with low-magnitude whole body vibrations during hindlimb suspension had a greater population of osteogenic marrow stromal cells, suggesting that osteogenic potential was retained \[[@B47]\].

The mechanical environment of stem cells *in vivo* is complicated. However, *in vitro* studies described above applying tension, compression, and fluid shear stress, or controlling substrate material properties and cell shape demonstrate that stem cells are responsive to these mechanical stimuli.

Mechanosensors
==============

Various mechanosensors have been proposed through which stem cells may sense the mechanical environment. These include the cytoskeleton, focal adhesions, primary cilia, membrane channels, gap junctions and mechanosomes \[[@B28],[@B48],[@B49]\]. A complicated picture is emerging, including involvement of multiple mechanosensors and the biochemical pathways activated by each during osteogenesis. The cytoskeleton, focal adhesions, and primary cilia are described in more detail below (Figure [3](#F3){ref-type="fig"}).

![**Mechanosensors.** The cytoskeleton, focal adhesions and primary cilium are potentially important in stem cells for detecting and responding to physical stimuli.](scrt318-3){#F3}

Cytoskeleton
------------

The cytoskeleton provides a structural frame for the cell and is composed primarily of actin, intermediate filaments, and microtubules. Myosin interacts with actin to generate cytoskeletal tension, which is important for mechanically induced osteogenesis of human MSCs \[[@B42]\]. In addition to an intact cytoskeleton, RhoA, a GTPase, and its effector, ROCK, regulate cytoskeletal dynamics and were required for fluid flow-induced osteogenic differentiation of mouse MSCs (C3H10T1/2 line). Disruption of the cytoskeleton through inhibition of nonmuscle myosin II, actin polymerization, and actin depolymerization was observed to prevent fluid flow-induced osteogenic differentiation. Furthermore, disruption of the cytoskeleton also resulted in differentiation towards the adipogenic and chondrogenic lineages to a greater extent \[[@B50]\]. The total traction force per cell has also been correlated with cell spread area in human embryonic stem cells. Cytoskeletal contractility, expression of E-cadherin and distribution of focal adhesions may together influence mechanically induced differentiation of stem cells \[[@B51]\].

However, the role of the cytoskeleton in mechanosensing may be different in three-dimensional conditions. Although osteogenesis was enhanced in human bone marrow stromal cells cultured in gels with increasing matrix stiffness, cells lacked well-defined actin filaments. Disruption of cytoskeletal structure using small molecule inhibitors also did not affect differentiation, although integrin-extracellular matrix interactions were required \[[@B52]\].

Focal adhesions
---------------

Adapter proteins such as talin and vinculin link the cytoskeleton to integrins, which attach the cell to the substrate, forming a focal adhesion. Integrins are composed of two subunits, alpha and beta, with various isotypes of each. A variety of signaling proteins are also associated with focal adhesions, including focal adhesion kinase (FAK), an important mediator of signaling at these centers. Forces are also transmitted to the substrate at these sites. In fibroblasts, local forces correlate with the area of focal adhesions, and the blocking of actomyosin contractility using butanedione monoxime resulted in rapid disruption of focal adhesions \[[@B53]\].

The β1 integrin has been shown to be important for mediating the response of human bone marrow-derived MSCs to mechanical stimulation \[[@B54]\]. Upon application of fluid shear stress, an increase in ALP activity and expression of osteogenic markers were observed, along with activation of FAK and extracellular signal-regulated kinase 1/2 (ERK1/2). However, when β1 integrins were blocked through RGDS peptides or antibodies, FAK and ERK1/2 activation were inhibited \[[@B54]\]. Phosphorylation of FAK has also been demonstrated to be important for osteogenic differentiation of human MSCs in response to tension \[[@B55]\].

However, the roles of FAK and integrins *in vivo* may differ from their roles *in vitro*. Fibroblasts (NIH-3 T3 mouse) cultured in three dimensions displayed different integrin content, and decreased phosphorylation of FAK compared to cells cultured in two dimensions \[[@B56]\]. Despite these reported differences, FAK has been demonstrated to be important for mechanically induced osteogenesis *in vivo*. Physical stimulation of a device implanted into bone resulted in Runx2 expression in progenitor cells located at a greater distance from the device than when the device remained stationary. However, conditional inactivation of FAK in cells expressing the osteoblast-specific Col1a1 promoter abolished this mechanically induced osteogenic response \[[@B57]\].

Primary cilia
-------------

The primary cilium is a single, immotile, antenna-like structure that extends from the cell into the extracellular space \[[@B58]\]. Once thought to be a vestigial structure, the primary cilium has emerged as an important signaling center and has been demonstrated to be important for mechanosensation in multiple cell types. The primary cilium acts as a microdomain, facilitating biochemical signaling as a result of localization and concentration of various proteins, including ion channels \[[@B59]\] and enzymes \[[@B60]\]. Primary cilia are important for normal bone development \[[@B61]\], and for sensing a variety of extracellular biochemical \[[@B62]\] and biophysical signals, including fluid shear stress in MC3T3-E1 osteoblast- and MLO-Y4 osteocyte-like cells \[[@B63]\]. Fluid flow-induced paracrine signaling in bone may also be primary cilia dependent. In response to fluid flow, MLO-Y4 osteocyte-like cells released factors that upregulated OPN gene expression in C3H10T1/2 cells, a mouse MSC line. However, when primary cilia formation was inhibited in the osteocyte-like cells, the flow-induced changes in MSC osteogenic gene expression did not occur \[[@B64]\].

Recently, primary cilia have also been demonstrated to have a direct role in mechanically activated signaling in human MSCs. Exposure to fluid flow resulted in an increase in cyclooxygenase 2 and BMP2 gene expression, indicating an early osteogenic response to mechanical stimulation. A significant increase in proliferation rate was also observed. However, human MSCs treated with small interfering RNA to inhibit intraflagellar transport 88, an intraflagellar transport protein important for primary cilia formation, did not respond with the flow-induced increases in gene expression. Interestingly, cells with impeded primary cilia formation also responded to flow with an increase in proliferation rate \[[@B65]\]. These results suggest primary cilia are important for mechanically induced osteogenic differentiation.

Mechanotransduction pathways
============================

Multiple pathways mediate osteogenic lineage commitment. The role of calcium signaling, and the mitogen-activated protein kinase (MAPK)/ERK, Wnt, Hippo, and RhoA/ROCK pathways are discussed in more detail below.

Calcium is a major second messenger that affects many pathways. Human MSCs upregulate and downregulate the frequency of calcium transients upon application of a 20% static uniaxial compressive strain for 20 minutes \[[@B66]\]. Exposure of human bone marrow-derived MSCs to oscillatory fluid flow also resulted in dramatic transient increases in intracellular calcium levels, with the first responses occurring approximately 10 seconds after the start of flow \[[@B20]\]. Changes in intracellular calcium levels are an immediate response to mechanical stimulation, and can activate downstream signaling pathways.

Mechanically induced increases in osteogenic gene expression can involve various components of the MAPK/ERK pathway. When strain was applied to MSCs, phosphorylation levels of ERK1/2 were elevated, and osteogenic differentiation was dependent on ERK1/2 activity \[[@B35]\]. Tension-mediated increases in mineralization also required activation of ERK1/2, with inhibition of MEK (mitogen-activated protein kinase kinase) blocking these increases in human MSCs \[[@B18]\]. Inhibition of ERK, p38, and pI3 kinases also reduced BMP2 expression in rat MSCs isolated from bone marrow \[[@B19]\]. Furthermore, the inhibition of stretch-activated cation channels with gadolinium chloride also reduced Col1 expression, suggesting that calcium activity and MAPK/ERK signaling together were required for an osteogenic response in this case \[[@B19]\].

Wnt signaling plays an important role in bone development, but its role in MSC lineage commitment is unclear. The canonical pathway involves the translocation of β-catenin to the nucleus, and β-catenin has been shown to promote osteogenic differentiation in early osteoblast progenitors *in vivo*\[[@B67]\]. In contrast, other studies have suggested that canonical Wnt signaling may actually promote stem cell renewal and inhibit osteogenic differentiation of osteoprogenitor cells *in vivo*\[[@B68]\], as well as promote stem cell renewal in human MSCs derived from bone marrow \[[@B69]\]. Arnsdorf and colleagues \[[@B70]\] investigated the role of non-canonical Wnt signaling in mechanically induced osteogenic differentiation of C3H10T1/2 mouse MSCs. Exposure of MSCs to oscillatory fluid flow resulted in translocation of β-catenin and upregulation of Wnt5a, which is capable of inducing both canonical and non-canonical pathways. Wnt5a is also necessary for the flow-induced activation of RhoA and increase in Runx2 gene expression. However, inhibition of Wnt5a did not affect β-catenin translocation, which may be regulated instead by cadherin-catenin signaling. This study demonstrates that non-canonical Wnt signaling is important for mechanically induced differentiation *in vitro*\[[@B70]\].

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are effectors of the Hippo pathway and, like β-catenin, also translocate to the nucleus and regulate gene expression \[[@B71]\]. The YAP/TAZ pathway is important for sensing substrate stiffness and cell shape. This pathway was also shown to be necessary for osteogenic differentiation of human bone marrow-derived MSCs, with depletion of YAP and TAZ inhibiting osteogenic differentiation of MSCs seeded on stiff extracellular matrix and large islands, which would normally promote osteogenic differentiation \[[@B72]\].

RhoA, a small GTPase, and its effector protein, ROCK, affect myosin-generated cytoskeletal tension and are important in human MSC lineage commitment along the adipogenic, chondrogenic and osteogenic pathways \[[@B42]\]. When C3H10T1/2 mouse MSCs were exposed to oscillatory fluid flow, RhoA and ROCK were activated. Application of lysophosphatidic acid sodium salt to increase activation of RhoA increased cytoskeletal tension, and further enhanced the flow-induced upregulation of Runx2, suggesting that RhoA and flow act synergistically. However, inhibition of ROCK, and disruption of cytoskeletal tension prevented the flow-induced upregulation of Runx2 \[[@B50]\].

Perspectives on current understanding
=====================================

While many studies have found that MSCs are responsive to mechanical stimulation, there is not a consensus on how these mechanical factors should be applied to promote osteogenic differentiation. Tension and fluid shear stress are commonly used, but the resulting effects are dependent on the manner in which they are applied. For example, while some studies have found high levels of tension to be osteogenic \[[@B10],[@B12],[@B13],[@B35]\], others have found these levels to be inhibitory with low tension being osteogenic instead \[[@B11],[@B14]-[@B19]\]. The profile of fluid flow has also been varied between studies, although steady \[[@B23]\], pulsatile \[[@B24]\], or oscillatory \[[@B20],[@B21]\] fluid shear stress have all been shown to promote osteogenic differentiation of MSCs. However, oscillating flow is much less potent (fraction of cells responding, and amplitude of response) at stimulating bone cells than steady or pulsatile flow \[[@B73]\], and stress fibers form earlier with steady fluid flow \[[@B74]\].

Potential mechanosensors have been described above and are involved in sensing different types of physical stimuli, and do not necessarily act independently. For example, cytoskeletal tension is required for mechanotransduction with fluid flow in osteoblasts \[[@B63]\]. A fully functional cytoskeleton is also required for hypertrophy of the periosteum under three-point bending, as inhibition of ROCK, which is important for actin remodeling, reduces loading-induced hypertrophy \[[@B75]\]. Focal adhesions also act in conjunction with the cytoskeleton. Focal adhesions are connected to the cytoskeleton through adapter proteins such as talin and vinculin, which link integrins to the cytoskeleton. Tenogenic gene expression due to stretch was observed to be attenuated in human MSCs when ROCK, actin polymerization, and FAK were inhibited \[[@B76]\]. While not specific to osteogenic gene expression, this indicates that these pathways can interact. The primary cilium also influences the structure of the local cytoskeleton. Upon mechanical stimulation of MSCs with oscillatory fluid flow, the number of microtubules at the base of primary cilia increased \[[@B77]\]. In renal epithelial cells, fluid shear stress induces a primary cilia-mediated increase in intracellular calcium. However, inhibiting microtubule formation, actomyosin tension generation, and integrin attachment to the extracellular matrix inhibited the response to calcium. This indicates that mechanotransduction through primary cilia are not independent of the cytoskeleton and focal adhesions in these cells \[[@B78]\].

The mechanotransduction pathways described here are also shared among different forms of mechanical stimulation. Calcium, MAPK/ERK, Wnt and RhoA/ROCK pathways are involved in mechanotransduction under both strain and oscillatory fluid flow, and these pathways can also interact. For example, when uniaxial tension was applied to rat tendon-derived stem cells, Wnt5a and RhoA were both shown to influence osteogenic marker expression \[[@B79]\]. YAP and TAZ also interact with β-catenin in the Wnt pathway and components of the transforming growth factor-β signaling pathway \[[@B71]\].

While mechanotransduction of more mature cell types has been extensively studied, the mechanobiology of stem cells remains understudied. As a consequence of the relatively few studies published, it is currently difficult to directly compare between studies using different cell types or types of mechanical stimulation. Certainly, it is unclear what the optimal method of mechanical stimulation is for osteogenic differentiation. Furthermore, the number of mechanotransduction pathways investigated in osteogenic differentiation of stem cells is limited. There are many potential future directions in research, and continued effort in this area could lead to important advancements in the treatment of bone-related diseases.

The *in vivo* mechanical microenvironments that stem cells exist within are complicated. *In vitro* studies utilize a simplified system to test the effects of various mechanical factors, and many insights have been gained through these experiments. However, the mechanical environment and the ability of cells to sense mechanical cues within the body may be very different from the *in vitro* situation. As mentioned above, fibroblasts display matrix adhesions in three dimensions that differ in structure, localization and function compared to the focal and fibrillar adhesions formed when cultured in two dimensions \[[@B56]\]. Future *in vivo* studies with stem cell-specific inhibitions or activations of mechanosensor components or mechanotransduction pathways could be very important for the development of novel therapeutics.

Another area in need of future investigations is the role of stem cell niches. The niche, which is the microenvironment of the cell and includes biochemical factors, is also important in directing stem cell differentiation. Interestingly, similar forms of mechanical stimulation can promote cell fate specification along different lineages. For example, 1 Pa fluid shear stress can induce cardiomyogenic \[[@B80]\], endothelial \[[@B81]\], or osteogenic differentiation \[[@B21]\]. Biophysical stimulation certainly plays a role in enhancing or inhibiting differentiation. In order for biophysical stimulation to promote lineage-specific differentiation, however, additional signals derived from the stem cell niche are necessary. Determining the roles of these signals could also lead to optimal differentiation of stem cells.

Finally, epigenetic changes that are induced by mechanical signals should be considered. Epigenetic changes refer to alterations of DNA that can activate or silence genes without changing DNA sequence. Methylation of cytosines in a CpG dinucleotide and histone modifications are commonly studied, and both of these change the accessibility of DNA for gene expression. Epigenetic state is durable and heritable, and is important for lineage commitment. Active research in epigenetics in recent years has resulted in many advances. Although very few studies have investigated epigenetic changes in mechanically induced osteogenic differentiation of stem cells, changes in DNA methylation have been detected \[[@B21]\]. This indicates that epigenetic changes do occur in this context, and other types of epigenetic changes could also be investigated.

Conclusion
==========

Many studies have been described in this review that demonstrate that physical stimuli can induce osteogenic lineage commitment in stem cells. In particular, tension, fluid shear stress, substrate material properties and cell shape are discussed here. The mechanism by which cells sense their mechanical environment is unclear, but various potential mechanosensors have been implicated. The cytoskeleton, focal adhesions and primary cilia have all been shown to be important for mechanically induced osteogenesis as discussed above. Physical stimuli are then transduced into biochemical responses through mechanotransduction pathways. Important components and pathways for mechanically induced osteogenic differentiation include calcium signaling, and the MAPK/ERK, Wnt, YAP/TAZ and RhoA/ROCK pathways.

Regenerative medicine holds the promise of replacing tissues or organs that have been lost or damaged. Many approaches involve the use of stem cells, as they are capable of proliferating, providing a large pool of cells to differentiate into the mature cell types required for the replacing tissue. In addition, induced pluripotent stem cells are increasingly studied and are a potentially accessible source of cells. The outlook on regenerative medicine in treating various bone-related diseases is very promising. It is clear from the studies described here that mechanical stimulation is an important factor for the osteogenic differentiation of stem cells. However, much still remains unclear about the nature of mechanical stimulation experienced by stem cells, the roles of mechanosensors, and biochemical pathways activated. Future research could also include more *in vivo* studies, and investigate the role of the stem cell niche and epigenetics. Studies in these exciting areas could yield valuable insights for the treatment of bone diseases.

Note
----

This article is part of a thematic series on *Physical influences on stem cells* edited by Gordana Vunjak-Novakovic. Other articles in the series can be found online at <http://stemcellres.com/series/physical>
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